Intermetallic phases, as a group of materials which have a great practical importance, both in the past and in the present day, are subject of research on the basis of physicochemical and mechanical properties. The presented studies were conducted for Fe40Al5Cr0.2TiB intermetallic alloy, their purpose was to determine the corrosion resistance of this alloy in an oxidizing environment, at temperatures up to 1373 K. The test material was made of Fe40Al5Cr0.2TiB intermetallic alloy after plastic processing. The kinetics of corrosion, allotropic variants according to the temperature of the process and the surface condition after corrosion were determined during the study. Based on the results obtained, the verification was performed under operating conditions. Taking into account the properties of the FeAl alloys, the working conditions and material requirements of turbochargers, studies have been undertaken to determine the possibility of the use of Fe40Al5Cr0.2TiB intermetallic alloys for components of the hot turbocharger of the automobile with compression ignition engines. The components of the hot turbocharger parts were used from the test material. The tests distance of turbocharger was 80,000 km.
Introduction
Introducing the new materials to industrial practice enables us to build more and more durable and reliable components for machines and equipment that are suitable for use in high temperature and other special conditions. Undoubtedly, this group of innovative and advanced construction materials introduced over the past 30 years includes intermetallic alloys [1] The wide interest in these alloys is mainly due to their unique properties, which in particular include: excellent oxidation, carburizing and sulphate resistance, good corrosion resistance in seawater and melted salts, high resistivity at room temperature (which also increases with the increase of temperature), as well as high abrasion, erosion and cavitation resistance [2] [3] [4] . So much interest in FeAl alloys is due to the fact that during the high temperature processes in the oxidizing atmospheres a protective layer of aluminum oxide is formed on the surface of these materials forms. The layer prevents the degradation of the metallic core. These materials can therefore be used as construction material for working in the atmospheric industrial gases, contaminated with SO 2 , O 2 and steam [5] .
Bystrzycki and others asserted that a set of favorable properties induces the use of intermetallic alloys as a material working at elevated temperatures in industrial atmosphere. The limitation may, however, be the fragility of these materials [6] .
The structure of the alloy is stable however the presence of a pro-eutectoid phase in FeAl leads to a deterioration in the creep resistance [7] .
As one of the major limitations of the practical application of FeAl alloys is their low plasticity (which makes it impossible to process with conventional methods). In the first step, FeAl alloys were focused on the feasibility of alloys. The result of this work was a doctoral thesis entitled "Ways to increase the plasticity of the alloy on the matrix of FeAl" [8] . The positive results of the conducted research became the inspiration for further research and development of these materials. The result of the study was the determination of corrosion resistance in a liquid environment, but above all resistance to high temperature gas corrosion. The next step was to verify the results obtained under real-life conditions in turbocharged performance tests where some components were made from FeAl [9, 10] . Alloys of aluminum and iron intermetallic compounds are considered to be future-proof materials for applications in environments with high temperature corrosion, due to their good oxidation resistance (especially in an environment containing sulfur and chlorine). This has been confirmed by the results of the research presented in this paper.
The initial development of research concerning of the Fe-Al intermetallic alloys was aimed at modifying them with suitable alloying elements, such as zirconium, yttrium, boron, manganese, chromium, vanadium, titanium, cobalt and nickel. The research of modified intermetallic alloys with a variety of modifying elements has been conducted by numerous research centres around the world. It has been found that the most effective additives that improve the strength of intermetallic alloys at elevated temperatures and also plasticity and corrosion resistance both for isothermal and cyclic oxidation were: zirconium, boron and fine dispersion of Y 2 O 3 . Furthermore, the positive effects of alloying additives, both in oxygen and aggressive oxygen and sulfur-containing gas mixtures, on the kinetics of oxidation of intermetallic alloys have been found. The results, obtained by numerous authors, clearly demonstrate the slowdown of the process of the Al 2 O 3 scale development due to the modification of the FeAl phase with the appropriate amount of the element. The addition of Cr and Ti results in an increasing of the Fe-Al oxidation rate during the early stages of the reaction, but these additives have improved the adhesion of the scale and the morphology. In addition, they reduced the reaction rate for long periods [11] [12] [13] .
For the FeAl alloys, elements of bathtubs for bath aluminizing and grate bars for furnaces (which have successfully passed long-term operating tests at 1273 K) are already being made [4] . Practical applications also include intermetallic (FeAl) pallets and racks for furnaces used in heat-chemical treatment as well as rails for roller hearth furnaces and rolls for transporting hot rolled steel sheets [1, 4] .
Oxidation kinetics and Al 2 O 3 morphology after heat-resistance tests
The test material was made of Fe40Al5Cr0.2TiB intermetallic alloy after plastic processing. The smelting process was carried out under vacuum. To homogenize the chemical composition, homogenizing annealing was performed at a temperature of 1323 K for 72 h. The resulting material was plastically extruded to improve the mechanical properties of the alloy for practical application. Fine-tuning was carried out using a proprietary technology that is patentable. The developed method makes it possible to perform reprocessing of hard-to-change materials in a repetitive manner without cracks [14] .The chemical composition of the test alloy is shown in Table 1 .
The oxidation kinetics of the Fe40Al5Cr0.2TiB intermetallic alloy at 1173, 1223, 1273 and 1373 K for 500 h is shown in Figures 1 and 2 . The processes of complex diffusion in the Fe40Al5Cr0.2TiB intermetallic alloy and the aluminum oxide layer determine the speed of the process. The kinetics studies (Figures 1 and 2) show that the process is parabolic in accordance with the relation dX/dt = k ' p (t)/X. The measured rates of reaction did not strictly reflect this law, i.e. at constant temperature k (1) Table 2 shows constants of the oxidation rate for the respective process temperatures, values of which correspond to the parabolic oxidation course (Figures 1 and 2) .
The research on corrosion products made with scanning electron microscope is presented in [15] . 
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The structure and growth mechanism of the protective Al 2 O 3 scale on heat-resistant alloys depends to a great extent on the type of metal in the matrix. Alloys on the FeAl intermetallic phase throughout the entire temperature range remain single phase. /250−500 h Table 2 . Kp" constant values for the Fe40A5Cr0.2TiB intermetallic alloy. layer is formed throughout its surface at the time of contact of the hot metallic phase with oxygen, regardless of temperature.
The thermal expansion of the alloy affects the level of stress that forms between the oxide and the metallic phase during temperature changes. Relaxation of these stresses can occur when the oxide layer comes off the metallic substrate.
The phase composition of the Al 2 O 3 scale, which is formed on the alloys and intermetallic phases on the iron matrix, is influenced by: their chemical composition, the crystallographic structure of the metallic substrate and the temperature at which the oxidation process is carried out. Within the temperature range of 1073-1223 K, in the initial oxidation state, on the surface of many iron alloys, especially the FeAl intermetallic phase, an increase in metastable alumina θ, γ and δ is observed. After a period of time, a protective layer from the α-Al 2 O 3 phase is produced. The addition of chromium to the FeAl alloy accelerates the phase transformation θ → α and increases its corrosion resistance [16] [17] [18] . 
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One hypothesis assumes that the growth of metastable phases is related to the phenomenon of epitaxia.
Most of the metallic phases as well as metastable alumina crystallize in the regular grid, whereas alumina -in the hexagonal network. The growth velocity of the θ-Al 2 O 3 phase is larger by one order of magnitude than in the case of α-Al 2 O 3 phase, and its increase occurs as a result of core metal diffusion and depends on the concentration of vacancies in the cation subnetwork. The period of time required to form the continuous α-Al 2 O 3 layer is reduced with increase of oxidation temperature [19] .
The morphology of Al 2 O 3 oxides varies depending on the process temperature: from the needles appearing at 1173 K to the oxides in the form of grains at 1373 K.
The θ-Al 2 O 3 phase grows on FeAl alloys in the form of lamellar grains allowing the external surface of the scale to become strongly developed. Transformation of metastable alumina phases into the α-Al 2 O 3 phase starts at the metal-oxide border [18, 19] . This transformation is accompanied by a reduction in the volume of the oxide phase, which results in tensile stresses in the layer. The relaxation of these stresses results in numerous microcracks in which the new alumina is built up. Such microcapsules, filled with oxides, form a characteristic grid on the surface of the scale, which resembles a spider web [20, 21] .
The growth of α-Al2O3 scale occurs as a result of the predominant, intra-articular transport of oxygen across the grain boundaries in the oxide. Because of low concentration of point defects in the α-Al 2 O 3 phase, the aluminum and oxygen network diffusion in this oxide
is not taken into account in the balance of mass transport through the layer of corrosion product [22, 23] . 
The thickness of the corrosive layer
The kinetics of the corrosion process and the parabolic constant of the oxidation process (k p ) were the basis for determining the thickness of the corrosive layer. The k p values for temperatures of 1173, 1223, 1273, 1373 K were calculated from the relation (Eq. (2)):
The results obtained for individual oxidation times are presented in Table 2 .
Taking into account the corrosion kinetics and the oxygen density of the Al 2 O 3 compound, the theoretical thickness of the corrosion layer (based on the oxidation time and process temperature) was calculated. The thickness of the corrosion layer was calculated from the relation (Eq. (3)): The results of the calculations are shown in Figure 14 . The real (occurring on the surface) thickness of the corrosion layer is lower because, during its growth, part of this layer comes 
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off due to different coefficients of thermal expansion of the substrate and corrosion products. Figures 15 and 16 show a cross-sectional image of a sample after corrosion tests. In order to protect the corrosion layer, the surface was covered with nickel ( Figure 15) . It has been shown that the corrosion layer consists of an area coherently adjacent to the substrate when tested at a temperature of 1173 K for 500 h and a corrosive layer inconsistent with numerous discontinuities for samples subjected to corrosion testing at 1373 K. This phenomenon does not depend on the process time. 
The operating tests on the intermediate phase of FeAl
Many Fe40Al alloy tests have shown its high resistance to high temperature corrosion in environment rich in chlorine and sulfur compounds. This confirms the possibility of using these materials for elements operating at high temperatures in the atmosphere of exhaust and industrial gases. The high-temperature strength of FeAl alloys is better than the strength of polymer composites and typically used aluminum alloys, so FeAl Fe alloys can be used on rotating elements [24] . Such conditions occur for example in turbochargers of car engines.
Turbochargers are one of the basic components of an internal combustion engine that influence its parameters. They consist of a turbine (the so-called hot part), driven on the flue side and a compressor (so-called cold part) on the compressed air side, set on a common shaft. The rotating assembly is the main element of its structure, which is held in the central body with plain bearings [25] .
Due to high temperature of operating turbine, the basic issue is the selection of a material resistant to high temperatures, oxidation, aggressive working environment and creep (deformation). The exhaust gas temperature of the compression-ignition engine is about 973 K, and for spark-ignition engines it can be over 1273 K.
Due to the high temperature of exhaust gas and continuous changes of pressure, as well as a high rotational speed of up to 200 000 rpm it is necessary to use heat resistant materials [26, 27] .
The durability of the turbocharger is also influenced by the presence of impurities entering the interior of the intake system, exhaust system and lubrication, and therefore the materials used for its components should exhibit abrasion resistance [28] .
Taking into account the properties of alloys on the FeAl alloy phase and the working conditions and material requirements of turbochargers, studies have been undertaken to determine the feasibility of the use of Fe40Al5Cr0.2TiB intermetallic alloys for components of the hot parts of turbocharger of a car with a compression ignition engine. 
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The tests were performed on the Fe40Al5Cr0.2TiB intermetallic alloy which has been used as a material for making the axles of rollers for pressure control system in the suction manifold and the sleeve at the sealing ring of the turbocharger impeller (Figures 17, 18 ). These elements are made of Fe40Al5Cr0.2TiB intermetallic alloy. The turbocharger was operated in road conditions for a distance of 80 000 km. After the tests, the turbocharger was dismantled and the components of the Fe40Al5Cr0.2TiB intermetallic alloy were tested.
The comparison of appearance of surface elements made from intermetallic Fe40Al5Cr0.2TiB alloy, after operating at a distance of 80 000 km indicates that there are no signs of tribological wear on them, and the surface is damage free.
The study of the rolls axis surface after their lifetime has been done with Hitachi S-4200 electronic scanning microscope. On the rollers surface small amounts of corrosion products and so-called carbon deposit (compounds derived from burnt engine oil) were found. The presence of single surface inequalities, which may be the result of the occurrence of metallurgical faults of the type of rupture, was also shown (Figures 19, 20) . The turbocharger operating conditions (high temperature, corrosive environment) make the turbocharger one of the most unreliable components of the engine. This failure can be reduced by using modern materials, including alloys based on FeAl's intermetallic phase.
In the research, the tests of application FeAl alloys on the axle of the variable-geometry steering wheel control vanes were made. Conventional solutions often cause the turbocharger to malfunction due to the clogging of the rollers and their mounting axles, resulting in the lack of proper pressure control in the suction manifold. The use of FeAl alloys on the exhaust control Intermetallic Compounds -Formation and Applicationsrollers axis was characterized by the correct operation of a turbocharger operated under high engine load conditions over a distance 80,000 km.
Determining the predictable lifetime of alloys based on FeAl's intermetallic phase as heatresistant components working in the hot turbocharger section requires further investigation in this field, including verification for longer operating distances.
Summary
Summarizing the description of the processes involved in the high temperature corrosion of FeAl alloys, it seems appropriate to analyze key achievements concerning this issue in recent years.
Protecting metals from oxidation at high temperatures is one of the important problems of modern technology. Understanding the rate of process under certain conditions is essential both in theory and in practice. The phenomenon of gas corrosion is a source of many serious technical problems due to the large number of different technological processes running at high temperatures. The process which is limiting the growth of the protective oxide scale is volumetric diffusion. In industrial conditions we usually deal with different atmospheres, often very of variable composition, and also with non-isothermal conditions.
The possibility of reaction on metal surfaces and the composition of gas corrosion products can be predicted on the basis of thermodynamic data. Oxidation of metals of good heat-resistance is a type of evenly spread corrosion that is uniform across the entire surface to produce a layer of products having the same thickness throughout the corroded area. The rate of corrosion is most often determined by the growth of the mass of the sample or the volume of obtained products or spent gas substitutions calculated per unit of surface of the corroding metal surface, sometimes by determining the reaction rate of the reaction zone (depth of the corrosion zone) [29, 30] . When analyzing the kinetics of the metal oxidation process, it is important to define the kinetic law that the process follows and also to determine the reaction rate. The activation energy of the oxidation process (determined from kinetic measurements) is the energy of the slowest-running partial process, which determines the speed of the scale growth. It is assumed that the primary requirement for the oxide layer is to be airtight and to protect the metal from further corrosion is its greater volume relative to the volume of metal from which the oxide is formed, in accordance with the Pilling-Bedworth rule.
In case of large differences in volume, strong stresses, layer cracks and rapid oxygen diffusion paths may occur [31, 32] . Oxidation studies based on intermetallic compounds from the Fe-Al system show that a continuous layer of aluminum oxide forms on the surface of the coatings. Such an α-Al 2 O 3 oxide layer generated on the coatings during cyclic oxidation at 1373 K and 100 h shows significantly better corrosion resistance than θ-Al 2 O 3 oxide produced on the alloy surface of the FeAl alloy [33] .
FeAl alloys should be used for construction materials, protective coatings and materials working in high-temperature corrosion conditions. The high-temperature strength of FeAl alloys is better than composites and used aluminum alloys, thus FeAl alloys can be used on spinning components [24] .
Studies have shown that the growth of α-Al 2 O 3 scale occurs with the involvement of oxygen transport at the intracellular boundaries in the oxide. Because of the low concentration of point defects in the α-Al 2 O 3 phase, the network diffusion of aluminum and oxygen in this oxide is not included in the mass balance sheet by the corrosion product layer [22, 23] . The calculations and experiments carried out show that aluminum transport in the absence of contact of corrosion products with melt substrate (pore occurrence) occurs by the aluminum alloy evaporation. It is sufficient for the formation of oxide. X-rays showed that at 1373 K after 48 h α-Al 2 O 3 is the dominant component of the scale.
Taking into account the properties of the FeAl alloy, the working conditions and material requirements of the turbochargers, studies have been carried out to determine the feasibility of the use of the Fe40Al5Cr0.2TiB intermetallic alloy for hot-dipped turbocharger components. Axis of the pressure control rollers in the suction manifold and the sleeve at the sealing ring of the turbocharger rotor ring were made. Operation was performed under extreme turbocharger operation conditions (high load engine operation). The conditions produced during the test often lead to a turbocharger failure, which results in damage to the exhaust control system due to the seizure of the control mechanism. Performance tests have yielded a positive result, preserving turbocharger performance for 80 000 km.
Conclusion
1. The kinetics of the corrosion process of the high temperature alloy Fe40Al5Cr0.2TiB after the incubation period is in accordance with the parabolic law. Deviations from the parabolic course in the initial period are due to the fact that different allotropic variants of Al 2 O 3 oxide and grain growth occur.
2.
The α-Al 2 O 3 scale formed on the surface is characterized by different thermal expansion compared to the thermal expansion of the FeAl phase. Diffusion of the thermal expansion coefficient results in the formation of microcracks in the case of cyclic reduction and temperature rise, leading to the falling of the protective oxide layer. The rate of growth of the scale in places where it has lost contact with the alloy (porosity) is the same as where the contact was maintained.
3.
In the multicomponent alloy Fe40Al5Cr0.2TiB corrosion products formed on the surface of the material in the temperature range 1273 -1373 K the dominant oxide is α-Al 2 O 3 . The proportion of other oxides, e.g. Cr 2 O 3 , is negligible. This is due to the fact that the oxides of the remaining elements in the alloy, such as iron, chromium, have several orders of magnitude higher decomposition. For this reason Al in the Fe40Al5Cr0.2TiB alloy is selectively oxidized to form stable α-Al2O3 oxide on the melt surface.
4.
Morphology and phase composition of the scale are characterized by differentiation depending on the temperature at which the oxidation process takes place. In the temperature range up to 1223 K, metastable θ oxides are observed. Over time, the crystallographic network rebuilds to the α-Al 2 O 3 phase. At higher temperatures, the time at which the continuous α-Al 2 O 3 layer is produced decreases. Only α-Al 2 O 3 phase was observed at 1373 K after 48 h.
5.
The thickness of the corrosion layer determined on the basis of the kinetics of the discontinuous process shows differentiation compared to the results of thermogravimetric measurements. The thickness of the corrosion layer measured on the surface of the oxidized samples in the crucibles is lower, as it decays during the cooling process due to the different coefficients of thermal expansion of the substrate.
6. The use of the Fe40Al5Cr0.2TiB intermetallic alloy for hot turbocharger parts as nickel alloy alternatives with compression ignition has allowed operation while preserving the nominal compressor characteristics during the entire operating test. Surface condition tests carried out on elements after the course of 80 000 km showed no signs of tribological wear and the surface of these elements was free of corrosion damage.
